Intact chloroplasts isolated from leaves of eight species of 16:3 and 18:3 plants and chromoplasts isolated from Narcissus pseudonarcissus L. flowers synthesize galactose-labeled mono-, di-, and trigalactosyldiacylglycerol (MGDG, DGDG, and TGDG) when incubated with UDP- [6-3H]galactose. In all plastids, galactolipid synthesis, and especially synthesis of DGDG and TGDG, is reduced by treatment of the organelles with the nonpenetrating protease thermolysin. Envelope membranes isolated from thermolysin-treated chloroplasts of Spinacia oleracea L. (16:3 plant) and Pisum sativum L. (18:3 plant) or membranes isolated from thermolysin-treated chromoplasts are strongly reduced in galactolipid:galactolipid galactosyltransferase activity, but not with regard to UDP-Gal:diacylglycerol galactosyltransferase. For the intact plastids, this indicates that thermolysin treatment specifically blocks DGDG (and TGDG) synthesis, whereas MGDG synthesis is not affected. Neither in chloroplast nor in chromoplast membranes is DGDG synthesis stimulated by UDP-Gal. DGDG synthesis in S. oleracea chloroplasts is not stimulated by nucleoside 5'-diphospho digalactosides. Therefore, galactolipid:galactolipid galactosyltransferase is so far the only detectable enzyme synthesizing DGDG. These results conclusively suggest that the latter enzyme is located in the outer envelope membrane of different types of plastids and has a general function in DGDG synthesis, both in 16:3 and 18:3 plants.
doplasmic reticulum. These lipids consequently are called eukaryotic (9, 14, 17, 30) . In 16:3 plants, the two galactolipids MGDG and DGDG are present in both the prokaryotic and eukaryotic configuration (3, 16, 20) , and thus must be derived partially from plastid and partially from reticular diacylglycerol residues. The galactolipids of 18:3 plants, however, are found only in the eukaryotic configuration.
In the membranes of chloroplasts and other plastids, MGDG and DGDG are formed by stepwise galactosylation of diacylglycerol (7, 21, 25, 29) . It has been suggested that pro-and eukaryotic galactolipid molecules might be synthesized in plastids by different sets of enzymes, the prokaryotic galactolipids being formed in the inner and eukaryotic lipids in the outer envelope membrane (2, 3, 17, 18) . A different localization of UDP-Gal:diacylglycerol galactosyltransferase (MGDG synthase) in the outer envelope membrane of pea (a 18:3 plant) chloroplasts (4), but in the inner envelope membrane of spinach (16:3 plant) chloroplasts (2, 12), was considered evidence for such a hypothesis. Moreover, two distinct enzymatic activities have been proposed for the biosynthesis of DGDG. In 1961, Ferrari and Benson (8) suggested a pathway of DGDG synthesis in which MGDG is galactosylated by UDP-Gal. Using extracts from pea leaves, indeed, Siebertz and Heinz (26) succeeded in measuring DGDG formation from the two precursors UDP-Gal and MGDG. Later, Van Besouw and Wintermans (27) reported for spinach another enzymatic activity, which produces DGDG and diacylglycerol by dismutation of two MGDG molecules. This enzyme, galactolipid:galactolipid galactosyltransferase, subsequently could be localized in the outer envelope membrane of spinach chloroplasts (15) . In agreement with a cytosolfacing location, the enzyme activity is lost by pretreatment ofchloroplasts with the nonpenetrating (5) protease thermolysin (6). Recently, Heemskerk et al. (1 1, 12) have presented evidence that in spinach chloroplasts DGDG synthesis can be assigned completely to this galactosyltransferase. So far, indirect measurements have revealed that this enzyme is also present in pea chloroplasts (4) and in other types of plastids (1) .
To extend the study on the enzymatic mechanism of DGDG synthesis to plants other than spinach, we investigated galactolipid synthesis in chloroplasts isolated from a number of 16:3 and 18:3 plant species including pea. In all these chloroplasts, galactolipid:galactolipid galactosyltransferase proves to be active and is sensitive to thermolysin, whereas no other enzymatic activities of DGDG synthesis could be detected. This suggests that only one enzyme is responsible for biosynthesis of DGDG in 16:3 and 18:3 plants. Accordingly, the previously suggested DGDG synthesis from UDPGal and MGDG in pea (26) by reaction of dibenzyl(2,3,4-tri-O-benzyl-a-D-galactopyranosyl)phosphate and 0-(2,3,4,6-tetra-0-benzyl-3-D-galactopyranosyl) trichloroacetimidate (28) in presence of trimethylsilyl triflate in dry diethylether at -1 5C. The above phosphate ([a]22 = +50.9, c = 1 in chloroform) was synthesized by reaction of 0-(6-0-acetyl-2,3,4-tri-O-benzyl-3-D-galactopyranosyl) trichloroacetimidate (28) with dibenzyl phosphate, isomerization by addition of p-toluenesulfonic acid and followed by hydrolysis of the acetyl group using potassium carbonate and methanol. 
Plastids
Intact chloroplasts were purified from young, growing leaves of various plant species by Percoll-gradient centrifugation (11). Table I gives the composition of homogenizing media used for isolation of chloroplasts from various plant species. Purified chloroplasts were finally suspended in a buffer containing 0.33 to 0.37 M sorbitol (as indicated in Table I ) and 25 mM Tricine (pH 7.6 with KOH). Spinach chloroplasts for acetate-labeling experiments were isolated by using a rapid purification procedure (19) .
Chromoplasts were isolated from the coronae (paracorollae) of N. pseudonarcissus flowers according to Liedvogel et al. (22) , except that the grinding medium was composed of 0.45 M sucrose, 25 mm Tricine (pH 7.6 with KOH), 5 mM MgC92, 5 mM 2-mercaptoethanol, and 0.2% (w/v) PVP. Sucrosegradient centrifugation yielded a Chl-free, orange-colored chromoplast fraction between 15 and 40% (w/v) sucrose. The chromoplasts were suspended in a medium containing 0.45 M sucrose, 25 mm Tricine (pH 7.6 with KOH), and 5 mM 2- (15), except that the incubation medium contained sorbitol as given in Table I . Chloroplasts (0.5 mg Chl/mL) were incubated under stirring with thermolysin (1 mg/mL) in presence of 1 mM CaCl2 at 4°C for 1 h. Control chloroplasts were incubated similarly, except that incubations contained additional 10 mm EDTA. After treatment, intact chloroplasts were repurified by Percoll-centrifugation (15) . Thermolysin treatment ofchromoplasts (0.5 mg carotenoid/mL) was similar, but using the sucrose-containing suspension medium followed by repurification on sucrose gradient (22) .
Plastid Membranes
Total envelope membranes from spinach and pea were isolated from the intact chloroplasts as described by Heemskerk et al. (12) . Chromoplast membranes from N. pseudonarcissus were prepared by disrupting the organelles with a tight-fitting Potter homogenizer in a medium containing 25 mM Tricine and 5 mM 2-mercaptoethanol (pH 7.6 with KOH). Total chromoplast membranes were then collected by centrifugation at l00,O00gmax for 2 h (4°C). Galactosyltransferases in pea, spinach and N. pseudonarcissus membrane fractions were assayed as described elsewhere (12) . Briefly, for measuring UDP-Gal:diacylglycerol galactosyltransferase (EC 2.4.1.46), membranes were sonicated with dispersed dioleoyl-PC and preincubated with phospholipase C from Bacillus cereus (EC 3.1.4.3) (0.3 units/incubation) until all PC was converted into dioleoylglycerol ( 
Isolation of Plastids
Intact chloroplasts were isolated from young leaves using different homogenization media, as indicated in Table I . Despite efforts to optimize the isolation procedure, yields of intact chloroplasts vary considerably with the type of plant species (Table I) , partially as a consequence of differences in Chl content of leaves, but also due to a different fraction of chloroplasts that was broken upon homogenization. Additionally, chromoplasts were isolated from coronae (paracarollae) of the 18:3 plant N. pseudonarcissus.
Effect of Thermolysin Treatment on Galactolipid Synthesis
All isolated intact chloroplasts synthesize MGDG, DGDG, and TGDG from the precursor UDP-[3HJGal, although the rate of galactose incorporation on a Chl basis is variable between species (Fig. 1 ). There were no typical differences between 16:3 and 18:3 plants. In all plant species, treatment of chloroplasts with the nonpenetrating protease thermolysin results in a considerable reduction of total galactolipid synthesis, compared to untreated chloroplasts (Fig. IA) . Generally, thermolysin treatment causes a shift in the distribution of labeled galactolipids: percentage of label in MGDG increases at the expense of DGDG and TGDG (Fig. 1B) . However, some differences exist between the various plants.
Whereas in most types of chloroplasts inhibition of DGDG and TGDG synthesis by thermolysin was almost complete (294%), inhibition was less severe (77-85%) in chloroplasts from S. alba, A. sativa, and Z. mays (Fig. IA) .
Similar to chloroplasts, chromoplasts isolated from N. pseudonarcissus are able to synthesize galactolipids (21) and form labeled MGDG, DGDG, and TGDG from UDP-[3H]Gal (Fig. 1) . Synthesis of DGDG and TGDG is inhibited almost completely after treatment of the chromoplasts with thermolysin (Fig. 1) .
It has been shown previously with spinach chloroplasts that UDP-Gal-derived synthesis of MGDG, DGDG, and TGDG is the result of two cooperatively acting enzymes: UDPGal:diacylglycerol galactosyltransferase, which forms MGDG from UDP-Gal plus diacylglycerol, and galactolipid:galactolipid galactosyltransferase, producing DGDG and TGDG by galactosyl transfer from MGDG to another galactolipid molecule with concomitant formation of diacylglycerol. The released diacylglycerol then can be reused for MGDG synthesis by the first enzyme (1 1). Thus, all galactose label from UDP-[3H]Gal is first incorporated into MGDG and labeled MGDG then is converted partially to DGDG and TGDG. Consequently, the ratio of UDP-Gal:diacylglycerol galactosyltransferase activity to galactolipid:galactolipid galactosyltransferase activity can be roughly estimated as the ratio of label in (MGDG + DGDG + TGDG)/(DGDG + TGDG). Under the assumption that such a mechanism of galactolipid formation is valid for plant species other than spinach, calculation of this ratio shows that in all types of plastids thermolysin treatment has a differentially inhibitory effect on galactolipid:galactolipid galactosyltransferase activity, although the effect of thermolysin is rather small in chloroplasts from S. alba, A. sativa, and Z. mays (Table III) .
Thermolysin treatment is known to inhibit quite specifically the activity of spinach galactolipid:galactolipid galactosyltransferase (DGDG and TGDG synthesis), but not of spinach UDP-Gal:diacylglycerol galactosyltransferase (6, 13, 15) . For an accurate measurement of these two galactosyltransferases, it is necessary to work with isolated membrane fractions, in which either enzyme can be assayed separately ( 12) . Table IV demonstrates that, after thermolysin treatment of the organelles, chromoplast membranes from N. pseudonarcissus and pea chloroplast envelope membranes are strongly reduced in galactolipid:galactolipid galactosyltransferase activity, but not in MGDG synthase activity. Thus, the reduced UDP-Gal incorporation in intact plastids of N. pseudonarcissus, pea, and spinach after thermolysin treatment (Fig. lA) seems to be caused completely by inactivation of galactolipid:galactolipid galactosyltransferase, the capacity of MGDG synthesis remaining unchanged. Taken together, these results indicate that galactolipid synthesis in the various types of plastids proceeds similarly as described for spinach chloroplasts (1 1): treatment of plastids with thermolysin causes inactivation of galactolipid:galactolipid galactosyltransferase, which results in a deficient supply of diacylglycerol and, as a consequence, in reduced incorporation of UDP-Gal into galactolipids. The incorporated galactose in thermolysin-treated chloroplasts accumulates into MGDG, since its conversion into DGDG and TGDG is blocked. However, chloroplasts from S. alba, A. sativa, and Z. mays seem to behave differently (see below).
Influence of UDP-Gal on DGDG Synthesis
To study the effect ofUDP-Gal on DGDG Table   Table IV Thermolysin treatment only partially suppressed the synthesis of DGDG and TGDG in chloroplasts of S. alba, A. sativa, and Z. mays (Fig. 1) . This suggests incomplete proteolysis ofgalactolipid:galactolipid galactosyltransferase in these chloroplasts, since there is no evidence for a second DGDG forming activity. At present, it is not clear whether the decreased sensitivy to thermolysin is caused by changes in accessibility and localization of the enzyme or by changes in its chemical structure.
Other Possible Pathways of DGDG Synthesis
We finally considered the possibility that nucleoside 5'-diphospho digalactosides might act as precursors for DGDG biosynthesis, resembling the oligosaccharide transfer during glycoprotein synthesis in the endoplasmic reticulum. Three compounds were chemically synthesized: 6-0-(a-D-galactopyranosyl)-a-D-galactopyranosyladenosine-5 '-pyrophosphate and the corresponding cytidine-5'-pyrophosphate and uridine-5'-pyrophosphate derivates (ADP-Gal-Gal, CDP-GalGal, and UDP-Gal-Gal, respectively). In order to test biological function of these compounds, spinach chloroplasts were prelabeled with ['4C]diacylglycerol by incubation with [(4C] acetate (10). When these chloroplasts were subsequently incubated with UDP-Gal-Gal, ADP-Gal-Gal, or CDP-Gal-Gal, none of the digalactosides led to formation of labeled DGDG (Table VI) . Furthermore, addition of a spinach leaf extract enriched in cytosol did not induce DGDG synthesis with UDP-Gal-Gal, nor did breakage ofthe prelabeled chloroplasts (data not shown).
DISCUSSION

Galactolipid:Galactolipid Galactosyltransferase in Various Plastids
Our results demonstrate that UDP-Gal:diacylglycerol galactosyltransferase and galactolipid:galactolipid galactosyltransferase are active in chromoplasts and in chloroplasts of 16:3 and 18:3 plants. The presence ofgalactolipid:galactolipid galactosyltransferase in plastids is concluded from the coinciding production of DGDG and TGDG (Fig. 1) , the inhibitory effect of thermolysin on DGDG and TGDG synthesis (Table III) and from the use of a specific assay (Table IV) . In all plastids studied, galactolipid:galactolipid galactosyltransferase is sensitive toward the nonpenetrating protease (5, 6) thermolysin, which suggests a uniform location of the transferase at the cytosolic face of the outer envelope membrane.
Lack of Evidence for Altemative Pathways of DGDG Synthesis
Siebertz and Heinz (26) have reported DGDG synthesis by a putative UDP-Gal:MGDG galactosyltransferase (8) in homogenized pea leaves. However, such an enzymatic activity could not be measured in the present experiments: UDP-Gal did not stimulate MGDG-dependent DGDG synthesis in membrane fractions from S. oleracea, S. alba, P. sativum, A. sativa, and Z. mays chloroplasts or from N. pseudonarcissus chromoplasts (Table IV and V) . Another possible pathway of DGDG synthesis, which was not studied so far, is one using nucleoside 5'-diphospho digalactosides. We were unable to demonstrate involvement of these compounds in DGDG formation (Table VI) . Therefore, galactolipid:galactolipid galactosyltransferase is, so far, the only known enzyme forming 
